The assumption that selection alters the genealogical tree of a sample of alleles from a population relative to the neutral expectation underlies several ''tests of neutrality.'' Two recent papers have studied the effect of purifying selection; their suggestive but incomplete results indicate that, in the single site case, the shape of a gene genealogy for a locus may differ only slightly from the neutral expectation. We verify this finding for weak selection using the ''ancestral selection graph.'' We consider a wider range of models, including both a four-allele single-site model and an infinite-sites model. Our results confirm the previous claim for the symmetric-mutation single-site model. We emphasize, however, that a neutral-seeming genealogy is consistent with detectable effects of selection on the distribution of allele frequencies within the sample. With selection operating, the information about a sample cannot be reduced to the genealogy. As a result, a distinction needs to be made between the selected sites themselves, for which the genealogy offers insufficient information, and linked neutral variation. This distinction seems to have been overlooked in previous papers, yet it has significant implications for the interpretation of data on DNA sequence variation. In particular, it predicts that under purifying selection, the frequency spectrum of neutral mutations will not reflect the skew toward rare polymorphisms at replacement sites even if there is no recombination between them. We caution, however, that the effect of weak selection on the genealogy is specific to the model; a (more realistic) model of multiple linked sites could lead to a more distorted genealogy than is observed for a single site.
Introduction
Several ''tests of neutrality'' rely on the assumption that some forms of selection can alter the genealogical tree of a sample of alleles from a population relative to the neutral expectation (Fu and Li 1993; Fu 1997; Tajima 1989) . If so, selection can be detected by departures from neutrality either at the targets of selection or at linked neutral sites (cf. Golding 1994) . Two recent papers (Golding 1997; Neuhauser and Krone 1997) have studied the effect of purifying selection; their suggestive but incomplete results indicate that the shape of a gene genealogy for a single site may differ only slightly from the neutral expectation. We verify this finding for weak selection, but emphasize that it is consistent with detectable effects of selection on the distribution of allele frequencies within the sample. Specifically, we point out the distinction between the examination of the selected sites themselves, for which the genealogy offers insufficient information, and the examination of linked neutral variation. This distinction seems to have been often overlooked in previous papers. Krone and Neuhauser (1997) and Neuhauser and Krone (1997) have recently proposed an elegant coalescent method that includes weak selection as well as drift and mutation: the ''ancestral selection graph'' (ASG). This method was used to examine how purifying selection can affect the shape of the genealogy of a sample of nucleotide sequences. This mode of selection (against deleterious variants) is likely to be widespread in the genome (Ohta 1976 (Ohta , 1992 ; Nachman 1998), as evidenced by the slow rate of evolution for amino acid replacements relative to synonymous changes (cf. Li andferred codons has been documented for a variety of organisms (cf. Sharp and Li 1987; Akashi 1995) .
The effect of purifying selection on the genealogy of a sample of alleles was discussed by Fu and Li (1993) . They proposed a test statistic to detect the presence of selection (with the assumption of no recombination). The authors argued that different types of selection should alter the external and internal branch lengths of the tree in different ways. In particular, they claimed that under purifying selection, ''there will be an excess of mutations in the external branches because deleterious alleles are present in low frequencies' ' (p. 693) . It is unclear whether the mutations referred to in the statement are linked neutral variants or the selected sites themselves. It is this distinction on which we wish to focus.
For strong selection, it has been shown that the genealogy of a sample of alleles can be very different from the neutral expectation when there is strong balancing selection Kaplan, Darden, and Hudson 1988) . Under background selection due to recurrent mutation to strongly deleterious alleles, the size of the tree can also differ considerably from the neutral expectation, although the shape of the tree is little affected (Charlesworth, Morgan, and Charlesworth 1993; Kaplan 1994, 1995; Charlesworth, Charlesworth, and Morgan 1995) . Neuhauser and Krone (1997) studied a model of a single biallelic selected site with reversible and symmetric mutation rates between favored and disfavored alleles, A and a, respectively. In contrast to the results for these earlier models, they found that in populations at mutation-selection-drift equilibrium, the height of the genealogy under selection (i.e., the time back to the most recent common ancestor of the sample of alleles) is almost identical to the neutral expectation. The only detectable effect is a small decrease for intermediate levels of selection. Neuhauser and Krone (1997) used an analytic formula from Kaplan, Darden, and Hudson (1988) to demonstrate that strong purifying selection also has little effect on the FIG. 1.-Illustration of one possible ancestral selection graph for a sample size of three. Let k be the number of lineages at any given time.
Step 1 is the construction of a virtual tree backward in time, starting from the sample at the present. Branching events occur at rate k/2; the lineage on which one occurs is chosen at random. A branching event consists of the splitting of a lineage into a ''continuing'' branch and an ''incoming'' branch. Coalescences occur at rate k(k Ϫ 1)/2; two lineages are chosen to coalesce at random. In step 2, the allelic types are assigned, going forward in time from the root of the virtual tree, the ultimate ancestor. First, the type of the ultimate ancestor is chosen; here, it is the preferred type, A. Then, mutations are placed along each branch at rate . In this diagram, there is only one mutation, from type A to type a. Finally, the tree is pruned (step 3). Since the incoming branch is type A, it is kept, and the continuing branch is deleted. This moves the most recent common ancestor of the genealogy of the sample closer to the present. pairwise coalescence time. Golding (1997) obtained very similar results by simulating a population under the same single-site model with symmetric mutation rates. He reconstructed the genealogy of a sample, examining selection coefficients ranging from 2Ns ϭ Ϫ100 to 2Ns ϭ 100, where 1 ϩ s is the fitness of allele A relative to allele a, and N is the haploid population size.
For strong selection, these results are easy to understand: most genealogies either are fixed for A or have a predominance of A over their branches, such that neutrality will prevail in most sampled trees. However, for weak (but not very weak) selection, the conclusions are less clear, since many trees will segregate for two alleles, and selection might therefore be expected to distort the genealogy. (Surprisingly, Golding [1997] found somewhat lengthened internal branches for 2Ns ϭ 1. This result may be an artifact of the small population size [N ϭ 100] that he considered). The weak selection results of Neuhauser and Krone (1997) pertain only to the height of the tree under a single-site model with symmetric mutation. We examine other features of the genealogy that could potentially be affected, as well as considering a four-allele single-site model and an infinite-sites model. Our simulations follow the algorithm outlined by Krone and Neuhauser (1997) . Their method allows us to examine large populations and to obtain sample properties directly.
Materials and Methods
The ASG is a coalescent model that incorporates weak selection. It can be derived both from the continuous-time Moran model and the discrete-time WrightFisher model; only the scaling differs (see Neuhauser and Krone 1997) . In this paper, we will define parameters for the more familiar Wright-Fisher model. The ASG is only practical for selection on the order of the reciprocal of the population size; in our implementation, ϭ 2Ns Ͻ 20, where N is the haploid population size. What follows is a qualitative description of the one-site two-allele model; see Hudson (1990) for a review of the neutral coalescent and Krone and Neuhauser (1997) and Neuhauser and Krone (1997) for the presentation of their method and applications to other models of mutation.
The potential genealogy of a sample is constructed backward in time (see fig. 1 , step 1). The virtual tree, the ASG, allows lineages to join (''coalesce''), as well as allowing for the replacement of a lineage by another lineage (seen backward in time as ''branching''). These events are only potential events until all the allelic types have been chosen (step 2). First, the type of the ''ultimate ancestor'' (the root of the virtual tree) is chosen. Mutations then occur along each branch at a constant rate /2 ϭ Nu, where u is the mutation rate per site per generation. Only when mutation has been superimposed can the true genealogy be extracted (going forward in time; step 3). This is done by erasing fictitious branches according to allelic type. In a two-allele model, ''incoming'' branches are kept if the preferred type is at the incoming point of the branch. In contrast to the neutral NOTE.-Each parameter set was run 100,000 times. The sample size is 100. ''Frequency'' is the average frequency of the favored type over all runs whether it was fixed or not in the sample, S is the proportion of runs with the site segregating in the sample, and is the average pairwise difference between genes over all runs.
a The average height and length of the genealogical tree over all runs. b The variance of the length of the tree over all runs. c The average length of the external branches over all runs. d The proportion of runs in which an external branch connected to the root of the tree (see Materials and Methods).
case, mutations are not independent of the genealogical process. The mutation rate must be specified; one cannot simply condition on the number of segregating sites observed in the sample, as might be preferable (see Hudson 1993 for an argument to this effect).
We simulated both a single-site model and a norecombination infinite-sites model. For the single-site case, we first considered a biallelic symmetric-mutation rate model. We then modeled four alleles, one preferred (with selection coefficient ϭ 6) and three unpreferred, with symmetric mutation rates between alleles and hence asymmetric rates between selective classes. In the two-allele case, the ancestral allele is assigned by a random draw from the equilibrium distribution under drift, mutation, and selection (Wright 1949 ). In the four-allele case (and, in general, for asymmetric mutation rates between alleles), we proceed as follows: first, 100,000 trials are run, with each allele as the ultimate ancestor. The output frequencies obtained from each set of 100,000 runs are the coefficients of a system of four equations with four unknowns whose unique solution is the equilibrium frequency of the four types. (In practice, one can place the four output frequencies obtained from each set of 100,000 runs in one column of a 4 ϫ 4 matrix. At stationarity, the frequencies of the four alleles are then given by the eigenvector of the matrix of coefficients whose eigenvalue is one.)
In our infinite-sites model, mutation is unidirectional, from preferred to unpreferred alleles. is the mutation rate for the whole gene. Each new mutation occurs at a new site, with the ultimate ancestor carrying no mutations. The selection coefficient of a gene is additive across sites (i.e., m, where m is the number of mutations in the gene).
The height and total length (the sum of the lengths of all the branches) of the tree were recorded in the simulations, as were the variance of the length over all the runs and the length of the external branches (''external'' in our tables). ''Frequency'' refers to the average frequency of the preferred allele in the sample over all runs, whether the site was segregating or not. Also recorded are the proportion of runs that had a segregating site in the sample (S) and the average pairwise difference between a pair of genes in the sample over all runs (). Another feature examined was the probability K that one of the two base branches (those connecting to the root) is external. Fu and Li (1993) speculated that with selection, this probability might be different from the neutral expectation of 2/(n Ϫ 1), where n is the sample size. Note that an increased value of K would lead to a greater number of neutral mutations present only once in the sample but would not necessarily change the height or the length of the tree.
To quantify the effect of selection on the frequency spectrum for the infinite-sites model, we calculated Tajima's (1989) D statistic for each run. This statistic is the normalized difference between the mutation parameter estimated from the heterozygosity and estimated from the number of segregating sites. We also calculated Fu and Li's D, which is the normalized difference between estimated from the total number of mutations and estimated from the number of singleton mutations (Fu and Li 1993) . Finally, to ensure that Neuhauser and Krone's (1997) conclusion was not the result of running too few simulations (i.e., 1,000), we ran each parameter set 100,000 times.
Results
The results for a single-site haploid model with symmetric mutation rates are presented in table 1. Selection intensity varies from ϭ 2Ns ϭ 0 to 6. The sample size is 100. Smaller sample sizes yield similar results (results not shown). The scaled mutation rate is 0.1; this is biologically unrealistic if we are considering a single nucleotide site (Drake et al. 1998 ), but we chose it to reproduce the results of Golding (1997) . Higher mutation rates such as the ones chosen by Neuhauser and Krone (1997) ( ϭ 2Nu Ͼ 1) do not accurately model longer stretches of DNA, as might be desired, since they merely result in the same site being hit several times rather than separate sites mutating independently. Lower mutation rates yield uninteresting results, since most trees are then monoallelic.
The immediate conclusion in our results is that selection has a negligible effect on any aspect of the tree examined, including K and the lengths of the external branches. Whatever differences do appear are small relative to the variance inherent in the coalescent process. These findings confirm those of Golding (1997) and Neuhauser and Krone (1997) , who observed a minimum tree length and height (for a sample size of 2), respectively, for intermediate selection. This is probably the case in our simulations as well, although the minimum does not seem to have been reached by ϭ 6 (the maximum we can consider for samples of this size). That the effect of selection would be strongest for intermediate levels is understandable: very weak selection is ineffective in overriding the effects of mutation, while very strong selection results in trees with only one allelic type. The important observation, however, is that despite the tree appearing to be neutral, both and S NOTE.-There are one preferred allele and three unpreferred alleles with the same . The mutation rate is ϭ 1/30 between any two alleles, so that the average mutation rate is ϭ 0.1, and hence comparable to the symmetric case under neutrality. The variables are defined in table 1. decrease as selection increases. is more affected by selection than the number of segregating sites, as expected intuitively (Golding 1997; Tajima 1989 ). This indicates that with selection of this kind, the genealogy no longer offers complete information on the statistical properties of a sample of genes. The location of mutations at a selected locus on the genealogy can be significantly altered by selection, whereas the shape of the genealogy itself is little altered. Selection causes alleles to ''compete'' with each other in the genealogy but does not affect the shape of the tree associated with a given allelic class. At the selected site, deleterious mutations will tend to be replaced if they occur deep in the tree, resulting in an excess of low-frequency mutations in the tips of the tree. This reasoning was used by Golding, Aquadro, and Langley (1986) to detect selection against transposons in Drosophila, using a tree constructed for the Adh region.
It is unclear how sensitive the results are to modifications of the assumptions, which were made largely for simplicity. To examine the effect of asymmetric mutation rates between preferred and unpreferred types, we ran a single-site simulation with four alleles, one preferred (with selection coefficient ϭ 6) and three unpreferred. We chose this model over a two-allele asymmetric mutation model, because in the latter, every polymorphic site segregates for two selective distinct types, when in reality, mutations at a given nucleotide site would also occur between unpreferred types. Since selection can act only when there are two selective classes present in the sample, the effect of selection artificially appears to be larger in the two-allele case (results not shown). The more realistic four-allele model could represent a preferred codon and all others at a fourfold degenerate site. Except for a large excess of transitions over transversions, it is hard to imagine a biologically plausible scenario with more asymmetric mutation rates between preferred and unpreferred types for a single site. The mutation rate between any two alleles was 1/ 30, so that the average mutation rate under neutrality was 0.1, as in the symmetric case. It is important for the total rate to be comparable, because the more segregating sites there are, the stronger is the average effect of selection on the genealogy. As an illustration, in the two-allele symmetric mutation rate model, if one conditions on a site segregating in the sample, selection reduces the height of the tree by about 7% for ϭ 6, and it reduces the length by about 3% (table 2) . Without conditioning, on the other hand, more than half of the trees have no mutations (at any time), and therefore selection has less variation on which to act (table 1). For equal neutral mutation rates, the effect of selection on the genealogy under the four-allele model is very similar to that in the biallelic symmetric-mutation-rate case (compare table 3 with table 1 ).
Discussion
One implication of these findings is that if a gene is assumed to be at mutation-selection-drift equilibrium, the genealogy of neutral sites (e.g., in introns or flanking regions) will not be affected by weak purifying selection acting at a site in a nearby exon, even if there is little or no recombination between them. (In contrast, when there are many strongly deleterious mutations within the linkage group, background selection can reduce variation at linked neutral sites. We return to differences between results from the ASG and those from background selection below.) Several data sets illustrate the potential uncoupling of the frequency spectrum for putatively neutral variation of the spectrum for linked selected sites (cf. Akashi 1996; Cummings and Clegg 1998; Kennedy and Nachman 1998) .
We illustrate this possibility with a subset of the data presented in Akashi and Schaeffer (1997) . Purifying selection on amino acid replacements may not be the best explanation for the pattern observed in these data, but we present it as an illustration. Akashi and Schaeffer (1997) compiled the frequency spectra of replacement and silent sites for several genes of Drosophila melanogaster, among other Drosophila species. At silent sites, they distinguished between mutations from preferred codons to unpreferred codons (under a major codon model), from unpreferred to preferred, from preferred to preferred (PP) and from unpreferred to unpreferred (UU). We consider only the last two categories, since they can reasonably be considered neutral, while the first two are shown by Akashi and Schaeffer (1997) to be under weak selection. Adh and amy are excluded from our analysis because of possible ascertainment bias (see Akashi 1996) , which leaves seven genes (Adhr, boss, Mlci, per, Pgi, Rh3, and Zw) . While the different FIG. 2. -The compiled frequency spectrum for seven genes in Drosophila melanogaster (Akashi and Shaeffer 1997) . The sample size is six for each gene. UU are the mutations from unpreferred to unpreferred codons, and PP are those from preferred to preferred. genes probably have independent histories, the histories of sites within genes will be correlated. Akashi (1996) demonstrated that the amino acid sites in D. melanogaster show an excess of singletons relative to silent sites, suggesting the action of purifying selection. We verified this for our specific data ( fig. 2 ) by running an infinite-sites coalescent model with no recombination. The assumption of no recombination should be conservative, since the observation of seven singletons is less likely if each site has a different genealogy. Under neutrality, the number of times seven singletons appear, conditional on seven sites segregating in a sample of six alleles, is p ϭ 0.025. In contrast, the frequency spectrum of the 11 polymorphisms in PP and UU does not differ significantly from the neutral expectation. The frequency spectrum at the putatively neutral subset of the silent variation (PP and UU) is actually significantly different from the spectrum for amino acid replacements (MannWhitney U; z ϭ 2.52, P ϭ 0.02).
Both Golding (1997) and Neuhauser and Krone (1997) concluded that, because the genealogy appears unaltered by selection, tests that attempt to detect the presence of purifying selection by its effect on the frequency spectrum of linked neutral variation will have little power. The evidence just presented suggests that this conclusion is correct, although it may be academic for sites subject to weak purifying selection, since researchers are likely to be examining the targets of selection themselves (e.g., Akashi and Schaeffer 1997) rather than linked neutral variation. For stronger selection, it should be emphasized that the results in table 1 pertain to samples from a stationary distribution. In practice, a given gene may not be at mutation-selectiondrift balance. Conditional on a selected mutation having just fixed in the population, it is known that the genealogy can be greatly distorted (Kaplan, Hudson, and Langley 1989) . In the case of recurrent selective sweeps, statistics based on the frequency spectrum of linked neutral variation do have enough power to detect a skew relative to the neutral equilibrium expectation (Braverman et al. 1995) .
To examine the effect of selection on more than one site, we investigated an infinite-sites model using the Neuhauser and Krone (1997) approach (see Materials and Methods). Unfortunately, their method can only model a total selection coefficient for the gene on the order of the reciprocal of the population size. In our implementation, if the number of mutations carried by a given individual reaches the maximum that can be considered with the ancestral selection graph, any additional mutations will be neutral. As a result, the shape of the genealogy will not be the correct one for the number of segregating sites and the selection coefficient. This is not the only possible approach. However, whatever the convention adopted, there is an inherent limit to the number of selected mutations an individual can carry under the ASG. With this constraint, the largest mutation rate for the gene that can be considered for a per-site selection coefficient of ϭ 6 yields a majority of runs that have at most one segregating site in the sample (results not shown). The infinite-sites model is then close to a single-site one. To bypass this limitation of the ancestral selection graph, we modeled very weak selection ( ϭ 0.2) for a maximum of 25 segregating sites, and with a mutation rate of ϭ 0.5 for the gene. Almost all runs then have several segregating sites. The results of 100,000 runs for a sample size of 30 are presented in table 4. With these parameters, both Fu and Li's D and Tajima's D are significantly, if minutely, different from the neutral expectation: with selection, 5.6% of the runs have a value of Tajima's D (and 3.8% have a value of Fu and Li's D) below the neutral 2.5th percentile, yet there is no detectable effect on the tree topology.
These findings may not hold for stronger selection or higher mutation rates. For example, background selection with s per deleterious mutation on the order of 10 Ϫ2 can considerably reduce the length of the tree in areas of low recombination (Charlesworth, Charlesworth, and Morgan 1995) . This selection coefficient is much larger than can be considered with the ASG. Background selection also assumes a large number of sites, as it is expected to operate on the scale of a whole genome, as well as highly asymmetric mutation rates. The combined effects of mutation, selection, and linkage then result in a high frequency of deleterious mutations, in contrast to the single-site case. This could be an important difference from the Krone and Neuhauser (1997) model (M. Nordborg, personal communication) . Note, however, that under background selection, although the length of the genealogy is shrunk, the shape is relatively unaffected (Charlesworth, Charlesworth, and Morgan 1995) . As with a single site under weak selection, the frequency spectrum of linked neutral variants is rarely significantly skewed relative to the neutral expectation, at least for large populations (Hudson and Kaplan 1994; Charlesworth, Charlesworth, and Morgan 1995) .
The shape of the genealogy for many linked sites under weaker selection is of interest. Unfortunately, modeling more general scenarios than a single site with the ASG is problematic. First, the inherent limitations of the ASG severely limit the range of parameters that can be examined. In addition, a realistic multisite model should have reversible (and perhaps asymmetric) mutation rates. For such an ASG, the type of the ultimate ancestor is difficult to calculate. With two sites and two alleles, a four-allele model with asymmetric mutation rates can be solved for the equilibrium frequencies of the four haplotypes. With many sites, this would be dauntingly laborious. For these reasons, the Krone and Neuhauser (1997) method may not be the most appropriate approach to the study of selection on multiple sites. Instead, before general inferences can be drawn about the power of tests for weak purifying selection based on linked neutral variation, forward simulations of a population may be needed that generalize the approach of Golding (1997) . We plan to address this issue in the future.
In conclusion, it is important to distinguish selected sites from linked neutral sites. This study, as well as those of Golding (1997) and Neuhauser and Krone (1997) , demonstrate that tests such as Fu and Li's (1993) D have low power to detect single-site purifying selection if linked neutral loci are examined. If, in contrast, the sites under selection are examined directly, then the focus should not be on the genealogy. Indeed, we have shown that the value of tests such as Tajima's (1989) D can be altered by selection without a concurrent change in the shape of the tree.
